Abstract. The aim of the present study was to explore the pro-apoptotic effect and specific mechanism of action of melittin (MEL) in humans. The effects of MEL on apoptosis in osteosarcoma and fetal osteoblast cells were investigated, and the mechanism that induced MG63 cell growth was also explored. The effects of MEL on cell proliferation were detected by a 2,3-bis-(2-methoxy-4-nitro-5-sulf ophenyl)-2H-tetrazolium-5-carboxanilide analysis. Apoptosis was detected by flow cytometric analysis. MEL protein, inositol-requiring protein-1 (IRE-α), phosphorylated-protein kinase R-like endoplasmic reticulum (ER) kinase, spliced X-box-1 (XBP1), eukaryotic translation initiation factor-2α, cleaved activating transcription factor-6, caspase-12 and C/EBP homology protein (CHOP) were detected in three groups and two cell lines by western blot analysis. The results indicated that the expression or incubation of MEL in the MG63 cells triggered apoptosis and the inhibition of proliferation. One protein from the ER stress unfolded protein response pathway, IRE-α, was involved in the MEL-induced apoptosis in MG63 cells. Furthermore, spliced XBP1 protein was significantly increased in the MEL peptide incubated and MEL expressing groups of MG63 cells. Furthermore, CHOP protein expression was activated in MG63 cells following being incubated with or expressing MEL. In conclusion, MEL serves as an effective factor that inhibits the proliferation of MG63 cells via activating the ER stress-mediated apoptosis pathway. This activation is triggered by the IRE-α pathway mediated by inducing CHOP protein expression.
Introduction
Bee venom (BV) has been used as a non-steroidal anti-inflammatory drug for the treatment of inflammatory diseases for a number of years (1, 2) . Hong et al (3) demonstrated that BV was able to induce apoptosis through caspase-3 activation in synovial fibroblasts. Jang et al (4) reported that BV also triggered apoptosis through inhibiting cyclooxygenase (Cox)-2 expression in human lung cancer cells. Moon et al (5) identified that the key regulators in BV-induced apoptosis were B-cell lymphoma 2 (Bcl-2) and caspase-3 in human leukemic cells through the downregulation of mitogen-activated signal pathways. There are several biologically active peptides in BV extracts, including melittin (MEL), a major component, apamin, phospholipase A2 (PLA2), adolapin and mast cell degranulating peptide (6) .
In recent years, a number of studies have reported that the MEL may also induce apoptosis, and with even higher activities. Son et al (7) demonstrated that MEL induces apoptosis in vascular smooth muscle cells through the suppression of NF-κB and Akt activation. However, Shaposhnikova et al (8) reported that MEL may activate PLA2 in tymocytes and cause necrosis, but not apoptosis. Kim et al (9) proved that MEL may regulate mitochondrial apoptosis-associated gene expression to induce apoptosis in rheumatoid arthritis. Although a number of studies have illustrated that MEL has significant anti-proliferative and pro-apoptotic effects, the specific mechanisms of MEL remain elusive in human osteosarcoma cells.
A novel pathway of apoptosis due to endoplasmic reticulum (ER) stress has been identified recently (10) . In endoplasmic reticulum stress, the adaptive responses of cells are referred to as the unfolded protein response (UPR). Phosphorylated-protein kinase R (PKR)-like ER kinase (p-Perk), inositol-requiring protein-1 and activating transcription factor 6a (ATF6a) are key transmembrane signaling proteins involved in UPR (11) .
In the present study, an attempt is made to explore the pro-apoptotic effect and the specific mechanism of MEL in human osteosarcoma cells.
Materials and methods
Plasmid construction. Amplification of the MEL gene was performed by polymerase chain reaction (PCR) using the Assessment of proliferation and apoptosis. A 2,3-bis-(2-met hoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay was employed to measure the cell proliferation using a cytotoxicity detection kit (Cayman Chemical, Ann Arbor, MI, USA). The detailed processes were performed according to the manufacturer's instructions. The multi-well plates were read at 490 nm on an ELISA plate reader (Thermo Scientific, Waltham, MA, USA). Cell apoptosis was detected by flow cytometric analysis, which monitored annexin V fluorescein isothiocyanate binding and propidium iodide uptake simultaneously, according to the manufacturer's instructions (Sigma-Aldrich, St. Louis, MO, USA). The samples were analyzed by fluorescence on a FACScan flow cytometer (Beckman Coulter, Miami, FL, USA). Every analysis was performed in at least six wells and in duplicate.
MEL peptide treatments.
The human MEL peptide (sequence, GIGAVLKVLTTGLPALISWIKRKRQQ-CONH 2 ; Invitrogen Life Technologies) was synthesized by the solid-phase method using 9-fluorenyl-methoxycarbonyl-chemistry, according to a study by Park and Lee (13) . The crude peptide was repeatedly washed with diethylether, dried under vacuum and purified using reverse-phase preparative high-performance liquid chromatography on a Waters 15-µm Deltapak C18 column (Waters, Milford, MA, USA). The MG63 and hFOB 1.19 cells were incubated with the MEL peptide (100 nm) for 24 h (employed as the MEL-pep group).
Statistical analysis.
A quantitative analysis of the immunoblot images was performed using computer-assisted software (Image Total Tech; Pharmacia, New York, NY, USA). Briefly, the image of the immunoblot was scanned with Typhoon (Pharmacia), digitalized and saved in TIF format. The values of each target blot were evaluated. All the data are presented as the mean ± standard deviation. A statistical analysis was performed using the t-test. P<0.05 was considered to indicate a statistically significant difference. 
A B Results

MEL inhibits cell viability and triggers apoptosis in MG63
and hFOB 1.19 cells. In order to explore the potential effects of MEL on the viability of human MG63 and hFOB 1.19 cells, the cells were treated with the MEL gene or MEL peptide for 24 h. In the preparations of MG63 cells, high levels of MEL were expressed 24 h following culturing in the MEL-exp and MEL-pep groups (Fig. 1) . MEL expression or treatment also activated high levels of MEL in the hFOB 1.19 cells in the two groups (Fig. 1) .
MEL expression inhibits the proliferation of MG63 and triggers apoptosis.
To observe the effect of MEL expression or incubation on the proliferation viability in the MG63 and hFOB 1.19 cells, the proliferation viabilities were measured by XTT analysis at 24 h post-transfection (or incubation). The XTT analysis showed no difference in the proliferation viabilities among the control (Con), MEL-pep and MEL-exp groups in the hFOB 1.19 cells. However, in the MG63 cells, the proliferation viability of the MEL-pep and MEL-exp groups was significantly lower than in the Con group (Fig. 2A) .
In order to investigate the mechanism of cell death (or inhibition of cell proliferation) caused by MEL, the apoptosis (the early and late apoptosis) of every group was detected by flow cytometric analysis. The hFOB 1.19 cells showed no significant differences in apoptosis among the Con, MEL-pep and MEL-exp groups ( Fig. 2B and C; P>0.05) . In MG63 cells, the apoptosis rates of the MEL-pep and MEL-exp groups were significantly decreased compared with the Con group, but no difference was observed between the MEL-pep and MEL-exp groups ( Fig. 2B and C; P<0.01 ). This indicates that MEL expression only triggers apoptosis in the MG63 cells.
IRE-α UPR pathway is involved in MG63 cell proliferation inhibition.
In order to identify the mechanism of the inhibition of the proliferation of MEL on MG63 cells, three UPR factors, p-Perk, IRE-1 and ATF6, were detected using western (Fig. 3A) , but not for the Con group. Furthermore the amounts of IRE-α for the MEL-pep and MEL-exp groups were significantly enhanced compared with the Con group ( Fig. 4A; P<0 .05). 
UPR downstream proteins are highly inhibited in MEL-expressing cells.
The downstream proteins of the UPR pathway associated with ER stress, including spliced XBP1, tumor necrosis factor receptor-associated factor 2 (TRAF2) and eIF-2α, were analyzed with semi-quantitative PCR 24 h following transfection. The results indicated that transfection or incubation with MEL significantly increased the levels of TRAF2 compared with the Con group in MG63 cells ( Fig. 4 ; P<0.01). However, MEL was not able to affect the levels of the three factors in the hFOB 1.19 cells (Fig. 4) .
MEL expression activates CHOP-triggered apoptosis.
To clarify the pro-apoptotic factors of the cells following expression or incubation with MEL, the cellular levels of cleaved caspase-12 and CHOP protein were evaluated by individual western blot analysis (Fig. 5) . The hFOB 1.19 cells showed no changes in caspase-12 and CHOP in any group (Fig. 5) . The MG63 cells exhibited significant differences in cleaved caspase-12 levels in the MEL-pep and MEL-exp groups compared with the Con group ( Fig. 5 ; both P<0.01). However, no differences were identified between the MEL-pep and MEL-exp groups. The aforementioned results indicated that in the MG63 cells of the MEL-pep and MEL-exp groups CHOP was activated and triggered apoptosis.
Discussion
To the best of our knowledge, the present study was the first to explore the inhibition of MEL-triggered proliferation or the activation of apoptosis in the human osteosarcoma cell line MG63. However, there was no such effect of MEL on the cell Notably, there were no significant differences among all three groups in the hFOB 1.19 cells. The lower proliferation in the MG63 cells is likely to be due to the induction of apoptosis. Therefore, apoptosis was observed in all three groups. When MG63 cells expressed or were incubated with MEL, the percentage of apoptotic cells was significantly increased in the MEL-pep and MEL-exp groups compared with the Con group (P<0.01). However, the expression of or incubation with MEL had no significant effects on the rate of apoptosis in the hFOB 1.19 cells. These differences indicated that the expression of MEL triggered apoptosis only in the osteosarcoma cells, but not in the normal osteoblast cells.
In order to explore the mechanism of apoptosis in MG63 cells, the levels of ER stress (UPR pathway)-associated proteins, including p-Perk, IRE-α and cleaved ATF6, 
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were detected in cells following expression of or incubation with MEL. The results revealed that, in the MG63 cells, only the IRE-α protein was activated in the MEL-pep and MEL-exp groups. However, no significant changes were identified in all three ER stress-associated proteins in hFOB 1.19 cells. Therefore, the IRE-α-mediated UPR pathway may be involved in MEL-triggered apoptosis. MEL-induced apoptosis may aid in the further illumination of the therapeutic role of MEL in the progression of osteosarcomas. Furthermore, downstream factors, including spliced XBP1, TRAF2 and eIF-2α, were also detected. The results indicated that spliced XPB1 was significantly activated in the MEL-pep and MEL-exp groups in MG63 cells compared with the Con group (P<0.01). These data strongly indicated the emergence of an ER stress (or UPR pathway) following the expression of or incubation with MEL in MG63 cells. Therefore, it is thought that, in the human osteosarcoma cell line, MEL may be involved in the pathogenic process of osteosarcomas.
In the present study, the pro-apoptotic factors, cleaved caspase-3 and -12, and CHOP protein, were also detected in the MG63 and hFOB 1.19 cells. Studies have reported that cleaved caspase-12 may trigger caspase-mediated apoptosis, and that CHOP is able to directly induce ER stress-associated apoptosis (14) . In all three groups of the MG63 and hFOB 1.19 cells, cleaved (activated) caspase-12 levels were not significantly increased. Notably, when the MG63 cells were treated with MEL, the CHOP levels in the MEL-pep and MEL-exp groups were significantly increased compared with the Con group (P<0.05); however there were no changes in the hFOB 1.19 cells. Therefore, it may be concluded that the expression of or incubation with MEL in osteosarcoma cells may indirectly activate CHOP protein-mediated apoptosis. The induction of the transcription factor CHOP/GADD153 may kill cells by an apoptotic mechanism (15, 16) . The present study therefore produced a novel result stating that MEL may trigger CHOP-induced ER stress. Notably and significantly, MEL protein was not capable of triggering ER-stress-associated apoptosis. Therefore, MEL may be clinically significant in the antitumor mechanisms in osteosarcomas. However, the specific mechanism of this distinctive function of MEL for normal or osteosarcoma cells should be addressed in further experiments.
In conclusion, MEL may be employed as a therapeutic factor that inhibits the proliferation of MG63 cells through activation of the ER stress-mediated pathway. This activation is triggered by the IRE-α pathway through the induction of CHOP protein expression.
